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ABSTRACT: Modeling uncertainties, parameter variations and unknown external disturbances are the main obstacles in the development of 
advanced controller for vehicle stability control at the limits of handling. For the parameter variations and unknown external disturbances, 
sliding mode control (SMC) method could be employed to achieve satisfactory tracking performance. But modeling uncertainties, such as the 
errors are caused in the process of model simplification, always exist in the model-based controller design and degrade the control quality. The 
adaptive radial basis function network (ARBFN) can effectively improve the control performance against large uncertainty of the system by 
learning ability to approximate arbitrary nonlinear functions and guarantee the closed-loop system is robust global asymptotic stabilization. In 
this paper, a novel vehicle dynamics stability control strategy is proposed using adaptive radial basis function network sliding mode control 
(ARBFN-SMC) theory to learn the system uncertainties and eliminate the effects of system uncertainties. This strategy adopts a hierarchical 
control structure which consists of reference model layer, yaw moment control layer, braking torque allocation layer and executive layer. The 
co-simulation using MATLAB/Simulink and AMESim is conducted on a verified 15-DOF nonlinear vehicle system model with 
integrated-electro-hydraulic brake system (I-EHB) actuator under a Sine With Dwell manoeuvre. The simulation results show that the 
ARBFN-SMC scheme has superior stability and tracking performances at different running conditions compared with the SMC scheme. 
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1. Introduction 
Active safety control systems are increasingly being applied to enhance the handling or stability performance of a vehicle 
[1-3]. Vehicle dynamics stability control system (VSC/ESC/ESP) can effectively prevent vehicle from spinning, drifting out and 
rolling over at the limits of handling [4]. VSC can generally be divided into three categories: VSC based on differential braking 
[3,5-10]; VSC based on active steering [11-13]; VSC through integration of two or more chassis control systems [14-16]. Of all 
these approaches, active brake control has received the most attention, because it can be easily realized, and VSC based on 
differential braking takes full advantage of the longitudinal force margin of the tire to generate active yaw moment to keep the 
vehicle stable under extreme driving maneuvers [3,9,14].  
Although the above research achievements were successful, there are still one of the main challenges for the vehicle dynamics 
stability control. System uncertainties, such as modeling uncertainties, parameter variations, unknown external disturbances, are 
ubiquitous in practical vehicle systems. If there is serious mismatch between model and plant or lateral tire force in this nonlinear 
region is treated as linear, the behaviors of the vehicle may be become uncontrollable and very dangerous, and then vehicle will 
lose stability and even turn over. 
From the open-public literatures, though some researchers considered the system uncertainties in the controller design, most of 
the correlative researches fasten on parameter variations or external disturbances. As an important parameter in vehicle dynamics 
stability control system, tire cornering stiffness is affected by many factors (e.g. tire pressure, wheel alignment parameters, road 
condition, etc.), which is a disadvantage for vehicle motion control performance [14,17-20]. When the vehicle undergoes high 
accelerations at the limits of handling, tire’s dynamics nature presents inherent nonlinearity that means a changed tire cornering 
stiffness. In [14], the variation of tire cornering stiffness is treated as the variation of the road adhesion coefficient. In [17,18], 
tire nonlinearity is handled using the uncertain tire cornering stiffness, which are represented via a norm-bounded uncertainty. In 
[19], the reduced nonlinear two track model and linear uncertain single track model with uncertainty of cornering stiffness have 
been established. In [20], an adaptive robust global chassis nonlinear controller is developed in order to deal with the parameter 
uncertainties in the vehicle system and the unknown external disturbances. In [21], tire cornering stiffness is obtained from the 
Burckhardt tire model, and unknown disturbance term is proposed. 
As process of establishing and simplifying model will cause the modeling uncertainties, which complicates the development 
of high-performance closed-loop controllers, many nonlinear control methods and adaptive control schemes have been proposed 
for the uncertain nonlinear systems. In [22], an adaptive controller for a high-speed vehicle subject to modeling uncertainties is 
proposed. In [23], a robust integral of the sign of the error controller and an adaptive controller are synthesized to deal with 
modeling uncertainties via backstepping method for motion control of an electrohydraulic actuator. In [24], a sliding mode 
observer-based model reference adaptive controller is proposed for precise speed control of a permanent magnet DC motor in the 
presence of modeling uncertainties, friction and load variation. These adaptive controllers not only solved control problems in 
uncertain nonlinear systems successfully but also veriﬁed that adaptive control schemes can achieve better performance than 
conventional controllers. 
However, most aforementioned method of handling the system uncertainties only considered the one or two types of the 
system uncertainties, and therefore this leads to some limitations. In fact, no matter how accurate the mathematical model and 
parameter identification are, it is extremely difficult to capture the exact system uncertainties to realize perfect compensation and 
tracking control [23]. The adaptive neural network can effectively improve the control performance against large uncertainty of 
 the system by learning ability to approximate arbitrary nonlinear functions, and the adaptation law is derived using Lyapunov 
method so that the stability and the convergence of the entire system are guaranteed. Whereas the adaptive neural network in the 
nonlinear dynamical systems has the approximation errors, and vehicle dynamics stability control should have strong robustness. 
It is well known that the main advantage of using the SMC is good convergence and strong robustness with respect external 
disturbances [25,26]. But this type of controller is designed by assuming an exact mathematical model. Fortunately, as adaptive 
neural network sliding mode control based technique provides a potential tool for solving the control problems of highly 
uncertainties, strong disturbances, complex, nonlinear dynamics system [27,28].  
In this paper, an ARBFN-SMC strategy based on system uncertainty approximation is proposed to improve the vehicle 
dynamics stability at the limits of handling. According to the controlled system, yaw moment control law is designed directly 
based on SMC principle using a non-linear vehicle model, which considers modeling uncertainties, parameter variations, 
unknown external disturbances. For unknown function item in yaw moment control controller, an adaptive learning method is 
proposed based on the ARBFN, which can approximate system uncertainties and guarantee the closed-loop system is robust 
global asymptotic stabilization. 
Hierarchical control structure is adopted in the vehicle stability control scheme, as shown in Fig.1: the ﬁrst layer is the 
identiﬁcation and estimation layer, whose algorithm of estimating vehicle states and identifying tire–road information is as 
presented in [29-32]; as presented in Section 4.1, the second layer is the reference model layer which provides the desired vehicle 
dynamics states; as presented in Section 4.2, the third layer is the yaw moment control layer which includes the ARBFN-SMC 
based on system uncertainty approximation is employed to determine vehicle dynamics control efforts; as presented in Section 
4.3, the fourth layer is the braking torque allocation layer which includes judging steering characteristic, deciding which wheel is 
controlled and executed braking torque regulation strategy; the last layer is the executive layer as presented in Section 4.4, where 
control strategy of I-EHB actuator is designed to adjust the wheel slip ratio, and then the suitable ground braking force can be 
generated. 
The rest of this paper is organized as follows: a 15-DOF nonlinear vehicle model, magic formula (MF) tire model and the 
I-EHB actuator model are described in Section 2; the vehicle simulation model is verified in Section 3; the vehicle dynamics 
stability controller is illustrated in Section 4; the simulation results are shown in Section 5; Section 6 presents the conclusions of 
the paper. 
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Fig.1. The control structure of the vehicle dynamics stability controller. 
2. System modelling 
2.1 Vehicle model 
In order to fully reflect the state of vehicle dynamics, this paper adopted a more realistic vehicle system simulation model with 
vehicle dynamics iCAR application, standard signal and mechanical libraries in AMESim. The model presented here is a chassis 
system composed of a chassis model, central module for vehicle dynamics modeling (including axle kinematics and 
elastokinematics effects), with associated subsystems: suspension (spring, damper, lower and higher buffers, antiroll bar), 
aerodynamic, tire, road, sensors, powertrain unit, braking system and steering system. In the chassis model, the longitudinal 
displacement, the lateral displacement, the vertical displacement, the yaw rotation, the roll rotation and the pitch rotation of the 
sprung mass, the displacement of steering rack, the vertical displacements and the rotations of the four wheels are considered. 
The fifteen degrees of freedom of the vehicle system are depicted in Fig.2. 
 
  
Fig.2. Fifteen-degrees-of-freedom vehicle model. 
2.2 Tyre model 
A non-linear tire model is used to describe the tire force because the process of vehicle stability control is highly dynamic. The 
Magic Formula (MF) tire model provides a precise tire dynamics in both linear and nonlinear region of tire. The general form of 
MF can be expressed as [33]: 
  ( ) sin arctan( )y x D C   (1) 
  arctanBx E Bx Bx       (2) 
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where Y represents the longitudinal force, the lateral force, or the aligning torque, and X is the longitudinal slip ratio λ or the 
wheel side-slip angle α, which are deﬁned as follows: 
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where Vrw is the product of wheel rotation speed ω and wheel effective radius rw, Vxw、Vyw is the longitudinal and lateral speed of 
the wheel centre.  
The parameters B, C, D and E are variable parameters for various vertical load based on empirical tire data. The factors are 
given as follows: 
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Factors of lateral force 
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where Fz is the vertical load of tire, and the parameters a0 – a9, b0 – b9 and c0 – c9 are illustrated in Table 1. 
Equations (7) and (8) show the calculation of tire force is related to the vertical load of each wheel. For vertical force, it will 
be transferred among four wheels while the vehicle is steering, driving and braking. Considering the longitudinal and lateral 
acceleration, the vertical load of each wheel can be calculated by [34]: 
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The longitudinal and lateral forces of tire need to satisfy the adhesion ellipse. Thus the lateral and longitudinal forces obtained 
by MF tire model need to be modified with the wheel slip angle and wheel slip ratio. 
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Finally, the forces of tire, which have taken the load transfer, road friction coefficient, and combined-slip condition into 
consideration, can be calculated by Equations (1)-(11). 
Table 1 
Parameter values in the magic formula (Michelin® MXV8 205/55R16 91V). 
a0 a1 a2 a3 a4 a5 a6 a7 a8 a9 
1.6 -34 1250 2320 12.8 0 -0.0053 0.1925 0 0 
b0 b1 b2 b3 b4 b5 b6 b7 b8 b9 
1.55 0 1000 60 300 0.17 0 0 0.2 0 
2.3 Structure and model of the I-EHB actuator 
The design of the I-EHB actuator adopted in this paper is shown in Fig.3. There are mainly electric brake master cylinder and 
eight high-speed on-off valves in the IEHB system, including a permanent magnetic synchronous motor 2 and a transmission 3, 
four pressure increasing valves (8,12,15,20) and four pressure reducing valves (16,19,22,23). And there are two plunger pumps 
(5,7). In addition, two accumulators (17,21) are also used to store the brake fluid in pressure decreasing process to quickly reduce 
the wheel cylinder pressure. 
When the vehicle is braking, motor 2 drives the transmission 3 forward or backward, which in turn pushes the piston of brake 
master cylinder to let brake fluid flow into four brake wheel cylinders through the eight solenoid valves regulating pressures 
respectively. When it needs to increase the pressures of one or a few wheel cylinders, motor 2 rotates clockwise, the piston of 
master cylinder moves forward, the corresponding pressure increasing valves open and pressure reducing valves close. When it 
needs to decrease the pressures of one or a few wheel cylinders, motor 2 rotates counter clockwise, the piston of master cylinder 
moves backward, the corresponding pressure reducing valves close and pressure increasing valves open, meanwhile the plunger 
pumps (5, 7) and the motor 6 work together auxiliarily reducing pressure. When it needs to maintain the pressures of one or a 
few wheel cylinders, motor 2 stalls, the corresponding valves close. 
According to the engineering structure of the I-EHB actuator, this paper adopts the modular modeling method and builds an 
I-EHB simulation model in AMESim, as shown in Fig.4. 
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 Fig.3. Structure of the I-EHB actuator. 
1: fluid reservoir; 2,6: motor; 3: transmission; 4: pressure sensor; 5,7: pump; 8,12,15,20: pressure charging valve;9,10,11,13,14,18: check valve; 16,19,22,23:  
reducing valve; 17,21: accumulator. 
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Fig.4. I-EHB actuator simulation model. 
3. Vehicle model verification 
Emergency steering manoeuvre at a high speed is liable to cause the vehicle spins out and even turns over, which is dangerous 
driving situation. Therefore, a simulation research scheme is adopted in this paper. However, the simulation model validation is 
an important part of the credibility of the simulation research and is quite significant.  
In order to verify the accuracy and effectiveness of the vehicle model established, the simulation and test were carried out on 
the snow road. As shown in Fig.5, a Brilliance® vehicle was used to test, and the parameters of the vehicle are given in Table 2 
(see Appendix). In simulations and test, the initial longitudinal velocity is 40 km/h, and the steering input signal is shown in 
Fig.6. The real yaw rate, lateral acceleration and sideslip angle of vehicle are measured by gyroscope, acceleration sensor and 
DGPS equipped on the test vehicle respectively, and comparisons of responses between experiment and simulation are shown in 
Fig.7. It can be seen that the responses of the experiment and the responses of the simulation are coincident approximately, and it 
indicates that the vehicle model is accurate and feasible. 
 
Fig.5. The test vehicle used for model verification. 
 
Fig.6. Steering wheel angle input. 
  
 
 
Fig.7. Comparisons of responses between experiment and simulation.  
4. Controller design 
4.1 Reference model layer 
To design the vehicle stability controller, a widely used simpliﬁed the linear two-degrees-of-freedom vehicle model is 
considered to capture the essential vehicle lateral steering dynamics as follows: 
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where β is sideslip angle of vehicle body, γ is yaw rate of vehicle body, δf is front wheel steering angle, m is the vehicle total 
Experiment
Simulation
Experiment
Simulation
Experiment
Simulation
 mass, u is the longitudinal velocity, Jz is yaw moment of inertia, a and b are distance from the center of gravity to front and rear 
axle respectively, Cf and Cr in the above matrices are the cornering stiffnesses of the front-axle tires and the rear-axle tires 
respectively. 
The yaw rate can be measured by a sensor but the sideslip angle is often estimated, which is not discussed here. About the 
sideslip angle estimation methods, the readers can refer to references [31,32]. Therefore, it is assumed that the sideslip angle can 
be obtained directly in this paper. 
The desired handling and stability performance of the vehicle can be described by the desired sideslip angle βd and the desired 
yaw rate γd. In the procedure of controller design, however, for the consideration of convenience, the desired sideslip angle value 
is set to zero. And the linear 2-DOF vehicle model is used to get the yaw rate response; these are given by: 
 0d   (13) 
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The desired yaw rate response cannot always be obtained when the tire force goes beyond the adhesion limit of the tire. Thus, an 
upper limit for the desired yaw rate can be given as follows [4]: 
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g
u
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where μ is the road friction coefficient, g is the acceleration due to gravity. 
4.2 Yaw moment control layer 
Model-based control strategy is subject to impaction of system uncertainties in practical applications, and they are inevitable 
problem in nature. Especially in critical driving condition (i.e., at the limits of handling), the vehicle is characterized by the 
strong nonlinearity and uncertainty, causing serious mismatch between the linear 2-DOF vehicle model and real vehicle. As a 
new intelligent control method, the ARBFN-SMC based on system uncertainty approximation technique provides an effective 
tool for solving the control problems of the strong nonlinear and uncertain dynamical systems. The controller is designed using 
the non-linear vehicle model, which is further expressed as: 
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 (16) 
where Me is the equivalent yaw moment, Δ1 and Δ2 are vehicle lateral motion uncertainty and vehicle yaw motion uncertainty 
respectively. 
The objective of the yaw moment control layer is to determine the desired yaw moment for the vehicle so as to track the 
desired yaw rate and the desired sideslip angle. So deﬁne the error equations as follows: 
 1 de     (17) 
 2 de     (18) 
The sliding mode surface function is chosen so as to reduce the errors in the yaw rate and the sideslip angle with respect to the 
desired values, such that: 
 1 2s e ke   (19) 
where k is sliding mode factor. 
The sliding surface is deﬁned as the state set when equation (19) equals to zero, that is s=0, so the following equation is 
derived: 
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Combining equations (16) to (20) and differentiation of the sliding surface yield: 
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With Equation (21), the equivalent yaw moment Me can be described as: 
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where 
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In order to make the system state stable on the sliding mode surface, a robust compensation term should be added to the 
equivalent control. The sliding mode robust compensation moment Mrc is usually described as: 
  sgnrc zM qJ s   (24) 
With the gain factor q, the system state can reach the sliding mode surface gradually and stabilize near the sliding mode 
surface. The gain factor q is determined with the Lyapunov stability theory. 
The total yaw control moment M should be the sum of the equivalent control moment Me and the compensation moment Mrc, 
so it can be calculated according to equations (22) and (24) as follows: 
  [ sgn ]z dM J k f q s    &  (25) 
However, the tire cornering stiffness which is affected by many aspects, the vehicle yaw motion uncertainty and the vehicle 
lateral motion uncertainty are included in the equation (23), causing expression of the term f difficult to be obtained. Therefore, 
the system uncertainty f needs to be estimated. RBF neural network can be used to adaptively learn the system uncertainty f. The 
structure of RBF neural network is a three-layer feedforward network shown as in Fig.8. The input layer is the set of source 
nodes. The second layer is a hidden layer of high dimension. The output layer gives the response of the network to the activation 
patterns applied to the input layer [35]. In this paper, the advantage of RBF neural network is to approximate the system 
uncertainty f. 
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Fig.8. The adopted structure of RBF network. 
The algorithm of RBF network is:  
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where x is input of the network, i is input number of the network, j is the number of hidden layer nodes in the network, h = [hj]
T
 
is the output of Gaussian function, cj is the center vector of neural net j, bj represents the width value of Gaussian function for 
neural net j, W
*
 is the ideal neural network weights, ε is approximation error of the neural network, and ε≤εN. 
Define the RBF neural network's learning indicator as: 
 E ss & (29) 
According to gradient descent method, the learning algorithm of neural network weights (the base width vector, the center 
vector) can be obtained as follows: 
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where ρ(0, 1) is the learning rate and ζ(0, 1) is momentum factor. 
Using the gradient descent method to design the weights adjustment law W of RBF neural network, only local optimization 
can be guaranteed, the closed-loop system stability cannot be guaranteed, and the closed-loop system control is easy to diverge 
[36]. To solve this problem, there has been online adaptive neural network control method, the adaptive law is designed based on 
the Lyapunov stability theory, and the closed-loop system stability can be achieved. The approximation of the system uncertainty 
f is: 
  Tˆ ˆf W h x  (32) 
where h(x) is the Gaussian function of RBF neural network. 
Then the total yaw control moment (25) can be written as: 
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The equivalent yaw moment Me is replaced with equation (33), equation (21) can be described as: 
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Select the Lyapunov function as: 
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where the adaptive gain η>0. 
Differentiating equation (36) results in: 
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Let adaptive law as: 
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With equations (38), equation (37) can be changed as: 
  sgnV s q s s q s      &  (39) 
Due to the approximation error ε is limited and sufﬁciently small, selecting: 
 q   (40) 
 Then the following inequation can be obtained: 
 0V &  (41) 
in which case the system is stable. 
4.3 Braking torque allocation layer 
The realization of selecting the controlled wheel and allocating the yaw moment can be achieved through an optimization 
course. Unfortunately, the computation is too complicated for a micro-controller. Therefore, the VSC controller often selects the 
most effective wheel to generate the yaw moment with the control based on slip ratio. When the vehicle is in oversteering, the 
front outer wheel is controlled as the prior wheel; while the vehicle is in understeering, the rear inner wheel is controlled as the 
prior wheel [3,37]. 
4.3.1 The selection of the controlled wheel 
The fundamental task of vehicle stability control system is to guarantee the stability of vehicle on the premise of satisfying the 
driver's driving intention. Therefore, the active braking intervention should not go against the driver's intention. The driver's 
steering intention (turn left or right) and the controlled vehicle steering characteristic (understeering or oversteering) must be 
judged according to the relevant information (steering wheel angle, steering wheel speed, yaw rate etc). The selection logic of the 
controlled wheel is illustrated in Appendix, Table 3. The desired braking control torque at the wheel is then computed as: 
 sgn( ) rolldbc
ht
R
T M M
B
  (42) 
where Rroll is tire rolling radius, and Bht is vehicle half-track. 
4.3.2 Wheel slip control 
In order to generate a proper braking force with the selected wheel, the wheel slip ratio is controlled, and the specific method 
is as follows: 
(1) When the calculated tire longitudinal slip is lower than SXABS(1+x), the regulation totally released the input brake torque 
down to zero. The output torque Tbrake with slip ratio control can be given as follows: 
 0brakeT   (43) 
(2) When the calculated tire longitudinal slip is in the regulation margin interval [SXABS(1+x), SXABS(1-x)], the regulation 
released the input brake torque using simple linear function with respect to SX. The output torque Tbrake with slip ratio control can 
be given as follows: 
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 (44) 
(3) When the calculated tire longitudinal slip is in the interval [SXABS(1-x), 0], the desired braking control torque Tdbc is applied. 
The output torque Tbrake with slip ratio control can be given as follows: 
 brake dbcT T  (45) 
where Tbrake is output brake torque with slip ratio control, Sx is tire longitudinal slip, SxABS is system longitudinal slip regulation 
value, x is system regulation margin. 
4.4 Executive layer 
A resembling pulse width modulation (PWM) control method is adopted to convert the regulation information of the upper 
controller into the PMSM torque, the valve status (open/closed), and the hydraulic pump status (enabled/disabled). Moreover, the 
active safety system requires the actuator to respond quickly and accurately to the commands of the upper controller. Therefore, 
the control strategy for the I-EHB scheme in this paper is shown in Table 4. 
Table 4 
                          Control strategy of the I-EHB actuators. 
Modes PMSM Inlet valve Outlet valve Pump & motor 
Default 0 0 0 0 
Increase 1.25 Nm 0 0 0 
Retain 0 1(close) 0 0 
Reduce -0.2 Nm 1 (close) 1 (open) 1 (working) 
(1) Pressure increasing mode 
The target torque of PMSM is set as 1.25 Nm, the target value of PWM duty cycle of corresponding inlet valves, that of 
corresponding outlet valves, and that of the pump motor are all set as 0.  
(2) Pressure retaining mode 
All valves are closed to retain the fluid between inlet and outlet valves avoiding the pressure rising, and the PMSM stop 
working. 
(3) Pressure reducing mode 
 The target torque of the PMSM is set as -0.2 N·m, the corresponding inlet valves keep close and outlet valves keep open, 
meanwhile the oil pump and the pump motor auxiliarily reduce pressure. 
5. Simulation results and analysis 
The vehicle model is a mechanical system with low dynamic but with many algebraic calculations. On the contrary, the 
calculations of the braking system would probably be simpler but it is high dynamic because of electronical-hydaulic 
components. Therefore, the simulation model is divided into three parts running in co-simulation: the vehicle, the I-EHB actuator 
and vehicle stability controller. The vehicle model and the I-EHB actuator model are defined as master model and slave model 
respectively in the AMESim. The interface of controller in the slave model is connected to the Simulink model of the vehicle 
stability controller using adaptive RBFN sliding mode control based on system uncertainty approximation. Thus, the system 
modeling accuracy is much higher, and the division of calculations strongly accelerates the simulation which is very important 
for real time issues [38]. 
The relevant control information such as yaw rate, steering angle, wheel speeds, and so forth is sent by the vehicle model to 
the braking system in order to regulate the pressure in the hydraulic circuit. Depending on these variables, I-EHB system is 
activated or not. Then, the executive layer converts this binary information into valves status (open/closed) and pump status 
(disabled/enabled). At the end, the pressure in calipers can be reduced or intensified according to vehicle's behavior. 
The main simulation parameters of the I-EHB actuator model are derived from Ref. [10].  
For the RBF neural network, the initial parameters of the Gaussian function b0 and c0 are chosen as 1000 and 
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, and the initial weight value is chosen as zero. In this paper, the other key parameters of the designed 
controller are shown in Appendix, Table 5. 
According to the FMVSS 126 standard, longitudinal velocity at the beginning of the maneuver is 80km/h, and the steering 
profile is a sine wave at 0.7 Hz frequency with a 0.5 s delay beginning at the second peak amplitude. From the above test 
scenario, all the dynamic characteristics of the vehicle can be adequately described, and the dynamics stability of the vehicle can 
be fully veriﬁed. Therefore, a Sine With Dwell maneuver referring to NHTSA FMVSS 126 standard is established in the 
AMESim. 
5.1 Test on a high adhesion-coefficient road 
The road surface is assumed to be ﬂat and smooth with the adhesion coefficient of 1.0. In addition, the steering input signal for 
a Sine With Dwell maneuver is shown in Fig.9(a). Fig.9(b)-(f) shows the response comparisons from different points of view, 
including lateral dynamics, rolling dynamics, and longitudinal dynamics. As shown in Fig.9(b) and (c), although the 
ARBFN-SMC scheme and SMC scheme can both guarantee the stability of the vehicle, compared with the SMC scheme, the 
ARBFN-SMC scheme presents superior tracking performance to the reference response, and the uncontrolled vehicle will spin 
out or even turn over after about 4 s. It can be found from Fig.9(d) and (e) that the roll angle and the lateral acceleration of the 
vehicle controlled by ARBFN-SMC have better dynamic performance than the SMC or no control. Under the premise that the 
vehicle should remain stable, the longitudinal velocity of the vehicle controlled by ARBFN-SMC would be less intervened by 
the braking control, as shown in Fig.9(f). The ARBFN-SMC controller can guarantee the stability of the vehicle by adjusting the 
selected wheel’s brake pressure which is shown in Fig.9(g).  
In order to explore the system uncertainty, a simplified estimation function of the system uncertainty is defined as: 
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where all the parameters are given in Appendix, Table 5. Therefore, the uncertainty Δ1+kΔ2 can be approximately found with 
difference between equation (32) and equation (46). As shown in Fig.9(h), the red curve represents the approximation of the 
system uncertainty, and we can easily ﬁnd that the variation of the system uncertainty, and it do not converge to zero; whereas 
the approximation of the system uncertainty is identical to the black curve (the uncertainty Δ1+kΔ2) after about 6 s. Hence, it 
could be inferred that the modeling uncertainty plays a major role after about 6 s.  
     
(a)                                        (b) 
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(g)                                        (h) 
Fig.9. The results of the Sine With Dwell test on the high adhesion-coefficient road (μ=1.0). (a) Steering wheel angle input, (b) vehicle yaw rate, (c) vehicle 
side-slip angle, (d) vehicle body roll angle, (e) vehicle lateral acceleration, (f) vehicle longitudinal velocity, (g) brake pressure of the braking wheels by 
ARBFN-SMC controller, (h) system uncertainty. 
5.2 Test on a low adhesion-coefficient road 
In order to further evaluate the performance of the proposed ARBFN-SMC method, the vehicle system simulation model is 
running on an icy road with the adhesion coefﬁcient of 0.15 through a Sine With Dwell maneuver with the steering input shown 
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 in Fig.9(a). It is observed that the ARBFN-SMC scheme is still stable and presents satisfying tracking performance to the 
reference model, as shown in Fig.10(a). Although the SMC scheme can also stabilize the lateral dynamics of the vehicle, its yaw 
rate tracking error is larger than the one of the proposed control scheme. As shown in Fig.10(a) and (b), the vehicle without 
control becomes unstable. It can be found from Fig.10(b) and (c) that the side-slip angle deviation and the lateral acceleration by 
the SMC controller shows more oscillations. Fig.10(d) illustrates that the rotating speed of the four wheels are controlled by 
ARBFN-SMC controller and the tires do not lock up. In addition, it could be inferred that the vehicle controlled by 
ARBFN-SMC spend more time for being in understeering state than oversteering. As shown in Fig.10(e), the red curve 
represents the approximation of the system uncertainty, and we can easily ﬁnd that its peak value is the smallest, which means 
different categories of system uncertainty might appear to offset each other. 
Equation (19) (the sliding mode surface function) is used as the stability indicator, which is shown in Fig.10(f). It can be seen 
that, the peak values of the sliding mode surface function by ARBFN-SMC controller, by SMC controller, and without the 
stabilizing controller are about 6.0, 9.2, and 12.6, respectively. Moreover, the ARBFN-SMC scheme has faster convergence 
speed and less oscillatory than the SMC scheme and without control. It can be explained that the running condition has deviated 
greatly on the low adhesion-coefficient road from that on the high adhesion-coefficient road where the controller is designed and 
the tire cornering stiffness has changed greatly, thus the difference caused severe model mismatch. Fortunately, the 
ARBFN-SMC scheme considers the system uncertainties, including the modeling uncertainty and the variation of the tire 
cornering stiffness, etc. 
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(e)                                        (f) 
Fig.10. The results of the Sine With Dwell test on the low adhesion-coefficient road (μ=0.15). (a) Vehicle yaw rate, (b) vehicle side-slip angle, (c) vehicle lateral 
acceleration, (d) wheel speed by ARBFN-SMC controller, (e) system uncertainty, (f) sliding mode surface function. 
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 6. Conclusion 
In this paper, an ARBFN-SMC strategy based on system uncertainty approximation is proposed to improve the vehicle 
stability at the limits of handling. Unlike the conventional SMC scheme which obviously oversimplifies the design of the vehicle 
dynamics stability controller because of the system uncertainty, the ARBFN-SMC scheme considers the modeling uncertainties, 
the variations of tire cornering stiffness, the unknown external disturbances. 
The co-simulation is conducted on a verified 15-DOF nonlinear vehicle system model with I-EHB actuator for a Sine With 
Dwell manoeuvre to illustrate the effects of the ARBFN-SMC scheme by comparing with the responses of the SMC scheme and 
that of the passive vehicle. From the simulation results, we can ﬁnd that when the vehicle is driving on the high 
adhesion-coefficient road (μ=1.0) at the limits of handling, the response difference of the two control schemes is small, while the 
difference becomes very large when the vehicle is driving on the low adhesion-coefficient road (μ=0.15) at the limits of handling, 
in which condition the ARBFN-SMC scheme is still stable and presenting good tracking performance to reference model, 
however, the SMC scheme will produce large tracing deviation. In other words, the change of running conditions has more 
inﬂuence on the SMC scheme. 
In future work, the driver characteristic will be included and the effectiveness of ARBFN-SMC scheme will be evaluated in 
the driver-vehicle-road closed-loop system; in addition, the research in the future will consider multi-objects coordination 
equilibrium between vehicle stabilization and path tracking. 
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Appendix 
The vehicle model is calibrated against the Brilliance
®
 vehicle, and the parameters of the vehicle model are given in Table 2. 
Table 2 
Parameters of the vehicle model. 
Symbol Parameter Value Units 
m Vehicle mass 1430 kg 
ms Vehicle sprung mass 1300 kg 
mus Vehicle unsprung mass 130 kg 
a Distance from front axle to gravity center 1.056 m 
b Distance from rear axle to gravity center 1.344 m 
Bf, Br Track width of front and rear axle 1.45 m 
hc Height of gravity center 0.375 m 
Isprung_xx Moment of inertia of sprung mass - roll 250 kg m
2 
Isprung_yy Moment of inertia of sprung mass - pitch 1000 kg m
2 
Isprung_zz Moment of inertia of sprung mass - yaw 1300 kg m2 
Isprung_xy Product of inertia of sprung mass - Ixy 0 kg m
2 
Isprung_xz Product of inertia of sprung mass - Ixz -20 kg m
2 
Isprung_yz Product of inertia of sprung mass - Iyz 0 kg m
2 
Zref_front, Zref_rear Z ref suspension (front axle and rear axle) 0.075 m 
Rpinion Radius of steering rack pinion 0.008 m 
Ksusp_front Suspension stiffness (front axle) 21000 N/m 
Ksusp_rear Suspension stiffness (rear axle) 21000 N/m 
Rsusp_front Suspension damping (front axle) 2000 N/(m/s) 
Rsusp_rear Suspension damping (rear axle) 1500 N/(m/s)s 
Kantiroll_front Antiroll bar stiffness (front axle) 30000 Nm/rad 
Kantiroll_rear Antiroll bar stiffness (rear axle) 20000 Nm/rad 
Rfree Free radius of the tire 0.292 m 
Rroll Rolling radius of the tire 0.29 m 
Reff Effective brake disc radius 0.2 m 
Bf Brake pad/disc friction coefficient 0.4 null 
Counter-clockwise is defined as the positive rotation, and the identiﬁcation logic of the steer characteristic is shown in Table 
3. 
Table 3  
 Steer characteristic identiﬁcation logic. 
Yaw control moment Speed of steering Steering angle Driving direction 丨 e1丨 Steering character Object of action 
+ + + Left ≥0.05 rad∕s Understeer LR wheel 
+ + - Right ≥0.05 rad∕s Oversteer LF wheel 
+ + 0 Left ≥0.05 rad∕s Understeer LR wheel 
+ - + Left    
+ - - Right ≥0.05 rad∕s Oversteer LF wheel 
+ - 0 Right ≥0.05 rad∕s Oversteer LF wheel 
+ 0 + Left ≥0.05 rad∕s Understeer LR wheel 
+ 0 - Right ≥0.05 rad∕s Oversteer LF wheel 
+ 0 0 Left ≥0.05 rad∕s  LF wheel 
- + + Left ≥0.05 rad∕s Oversteer RF wheel 
- + - Right    
- + 0 Left ≥0.05 rad∕s Oversteer RF wheel 
- - + Left ≥0.05 rad∕s Oversteer RF wheel 
- - - Right ≥0.05 rad∕s Understeer RR wheel 
- - 0 Right ≥0.05 rad∕s Understeer RR wheel 
- 0 + Left ≥0.05 rad∕s Oversteer RF wheel 
- 0 - Right ≥0.05 rad∕s Understeer RR wheel 
- 0 0 Right ≥0.05 rad∕s  RF wheel 
The parameters of the controller are given in Table 5. 
Table 5  
Parameters of the controller. 
Symbol Parameters Value Units 
a Front wheelbase of reference model 1.056  m 
b Rear wheelbase of reference model 1.344  m 
m Mass of the vehicle of reference model 1430  kg 
Cf,Cr Front and rear tire cornering stiffness of reference model 50000  N/rad 
k Sliding mode factor 0.75 1/s 
q Gain factor 500 rad/s2 
ρ Learning rate 0.05 null 
ζ Momentum factor 0.5 null 
Jz Yaw inertia 1300 kg m
2 
BT Vehicle half-track 0.725  m 
Rroll Tire rolling radius 0.29  m 
SX_f Longitudinal slip regulation value - front axle -12 % null 
xf Regulation margin - front axle 20% null 
SX_r Longitudinal slip regulation value - rear axle -8% null 
xr Regulation margin - rear axle 20% null 
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